Chronic pain is a serious medical condition with millions of sufferers for whom long-term therapies are either lacking or inadequate. Here we review the use of herpes simplex virus vectors as therapeutic tools to treat chronic pain by gene therapy. We describe an approach to inhibit chronic pain signaling whereby vector-mediated genes transferred to sensory nerves will modify the primary afferent nociceptor to prevent pain signaling to second-order nerves in the spinal cord. This approach may be used to reverse the chronic pain state of the nociceptor and could affect downstream painrelated changes in the central nervous system.
Introduction
The localization of, and appropriate response to, noxious stimuli is a crucial evolutionary adaptation necessary for survival. Similarly, the hyperalgesia (increased pain in response to normally painful stimuli) and allodynia (pain in response to normally innocuous stimuli) that develops within minutes following tissue injury is necessary to ensure normal healing. Consistent with the physiological role of these changes in perception, both forms of hypersensitivity resolve over the time course of normal tissue repair. However in some cases, such as those associated with complex regional pain syndrome, postherpetic neuralgia, osteoarthritis or interstitial cystitis, the hypersensitivity that develops with tissue injury, fails to resolve. The result is chronic pain, a disease in its own right that is clearly no longer adaptive given its persistence in the face of normal tissue repair. Chronic pain represents a major cause of morbidity, significantly impairing individual quality of life 1 and imposing a substantial burden on society. There are few, if any, effective therapies for chronic pain devoid of serious side effects, forcing the over 80 million chronic pain sufferers in the United States to spend millions of dollars and countless hours in a desperate search for relief. Thus, the development of effective interventions for chronic pain is of great social and medical importance.
There are many reasons why available therapies are largely ineffective for the treatment of chronic pain and why so many potentially viable targets have yet to be exploited. First, diagnostic criteria do not yet encompass mechanistic underpinnings. As distinct mechanisms can produce a similar pain syndrome (for example, mechanisms underlying postherpetic neuralgia 2 ), a mechanismbased therapy may be ineffective in a subpopulation of patients suffering from the 'same' syndrome. Second, given the impact of a host of individual specific variables including age, history, sex and genome, the relative importance of specific mechanisms may vary 3 such that even mechanism-based diagnostic criteria will be quite complex. Third, there is considerable redundancy in the nervous system such that a relatively limited number of signaling molecules (that is, receptors, ion channels and second messenger systems) are used in the execution of a diverse array of physiological processes. Consequently, intolerable side effects such as cardiac, respiratory or central nervous system (CNS) depression often limit the systemic use of even the most selective therapeutic interventions. 4 This situation may be compounded by the fact that the severity of many forms of chronic pain necessarily demands the administration of higher drug doses, increasing the risk of adverse side effects; simply put, it is often the presence of side effects that preclude the ability to obtain systemic levels of therapeutics necessary to sufficiently attenuate ongoing pain. 5 Together, these factors may explain why it is only possible to obtain moderate pain relief in only one-third of patients with current pharmacological interventions. It is also important to note that by definition, chronic pain requires long-term therapy, which can result in the development of tolerance and can significantly increase the likelihood of additional side effects including liver, kidney, cardiac and gastrointestinal damage, which can ultimately prove to be fatal. 5, 6 Ideally, the next generation of therapeutic interventions for the treatment of chronic pain will enable the selective elimination of ongoing pain and hypersensitivity while avoiding the limitations of the currently available therapies. We suggest that the primary afferent nociceptor (PAN) is the ideal target for the next generation of therapeutics. PANs were first characterized in studies of the peripheral nerve, most notably by Perl and colleagues (for review see ref. 7) . These investigations resulted in the identification and characterization of a subpopulation of primary afferent neurons that are activated by specific receptors or ion channels sensitive to noxious, mechanical, thermal and/or chemical stimuli. The afferents, referred to as nociceptors, were composed primarily of slowly conducting thinly myelinated Adfibers and unmyelinated C-fibers. 7 In addition to their high threshold for activation, both Ad-and C-fiber PANs possessed the distinguishing feature of sensitization by inflammatory mediators. 7 Subsequent analyses, however, indicates that PANs are heterogeneous with unique modality specificity (that is, mechanoheat versus mechanocold), and electrophysiological, pharmacological, histological, biochemical and anatomical properties. 7 Recent evidence suggests that distinct subpopulations of afferents are responsible for signaling affective aspects of pain whereas others are responsible for signaling sensory discriminative aspects of pain. 8 Evidence suggests that specific subpopulations of afferents are responsible for signaling unique aspects of pain such as the burning pain associated with capsaicin injection 9 or cold allodynia observed following peripheral nerve injury. 10 There is also evidence indicating that following specific types of injury, afferents undergo phenotypic changes such that subpopulations of non-nociceptive afferents may begin to signal pain.
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The PAN is the first step in the transmission of noxious stimuli from the periphery. These pseudounipolar neurons with cell bodies in the dorsal root ganglion (DRG) or trigeminal ganglion have axons that terminate in peripheral structures and project centrally to terminate in the dorsal horn of spinal cord or brainstem in an anatomically defined (dermatomal or radicular) pattern. As such, the PAN is accessible to manipulations that do not have access to the CNS, thereby avoiding an array of potential CNS side effects. More importantly, although there is evidence to suggest that chronic pain reflects changes in the CNS that not only serve to amplify PAN activity, but may ultimately maintain the chronic pain state, 12 there is also evidence that aberrant primary afferent input is necessary for the maintenance of altered CNS processing if not directly responsible for ongoing pain and hypersensitivity. 13 Thus, the focus of the present review is on approaches to treat pain via manipulations of the neurobiology of the PAN. Specifically, we will discuss the use of herpes simplex virus (HSV) vectors in both the treatment of chronic pain and the identification and delivery of novel therapeutic interventions.
Gene therapy: why HSV?
There are several reasons that HSV is an ideal platform to develop novel therapies for the treatment of chronic pain. First and foremost, HSV has a natural ability to infect and persist as a nonintegrated viral genome in sensory nerve nuclei via peripheral inoculation, and therefore, represents an excellent gene delivery vehicle for this purpose. HSV is a large double-stranded DNA virus present in nearly 90% of the human population. 14, 15 In its natural life cycle, wild-type HSV is spread by direct contact. HSV infects and replicates in skin or mucous membrane and the released viral particles invade sensory nerve terminals. 15 These particles travel via retrograde transport along axons to the neuronal perikaryon in the DRG, where wild-type HSV may either reenter the lytic cycle or alternatively establish a latent state that is characterized by the persistence of viral genomes as nonreplicating intranuclear episomal elements. 15 Based on this unique biology, we and others have focused on the use of HSV vectors to deliver genes to nociceptors. These vectors are derived from HSV type 1 in which virus replication has been compromised by the deletion of essential viral gene functions required to initiate and sustain virus replication.
A second advantage of the HSV system is that with a single inoculation, the virus may provide long-term therapy. Nonreplicating recombinant HSV can be exploited to establish long-term persistence in the nerve cell nuclei in a manner similar to wild-type latent virus. Nonreplicating HSV recombinants are taken up by nerve terminals and transported to the DRG in a manner identical to wild-type HSV; however, as HSV recombinants are unable to replicate, the recombinant genomes are forced into a pseudolatent state from which the latent vector genome is incapable of reactivating. 16 During this latent state, the viral lytic genes are silent and only the transgene and latency-related transcript locus remain active. 17 The duration of transgene expression can be short term (weeks) using a strong promoter such as the immediate early (IE) gene promoter derived from human cytomegalovirus or long term (months) using a modified HSV latency promoter. 16 Third, as it is possible to inoculate painful tissue, it is possible to restrict the 'therapy' to the most appropriate region of the body, both minimizing the possibility of side effects and maximizing therapeutic efficacy. The specific ganglion containing the viral vector can be targeted by vector application to the painful tissue so that only the nerve terminals innervating that tissue become infected and the virus is subsequently transported to the nerve cell bodies by the retrograde transport mechanism used by the virus in natural infections.
Fourth, the engineering of nonreplicating HSV results in a vector with a large transgene capacity that is incapable of reactivation in vivo and can provide a platform from which expression of relatively large molecules can be achieved in sensory neurons. 16 During HSV replication, viral gene products are expressed in a temporally ordered cascade. 18 Five IE gene products including the infected cell protein (ICP) 0, ICP4, ICP22, ICP27 and ICP47 are first expressed. With the exception of ICP47, these IE gene products trigger the expression of early (E) genes that code for proteins involved in DNA replication and late (L) genes coding for structural HSV proteins. 18 As the viral thymidine kinase (tk) is required for replication in neurons, recombinants defective in tk can be propagated in culture and can replicate in skin, but not in the DRG. Highly defective vectors can be created by deletion of essential IE genes from the HSV genome. These mutants can only be propagated in cell lines permanently transfected with the missing gene, which can provide this product in trans following vector infection. 19 Such defective mutants cannot replicate in any other cell type, including neurons, in vivo. 19 Vectors have also been constructed by deleting the two essential IE genes, ICP4 and ICP27, and modifying the promoters of IE genes, ICP22 and ICP47, such that they demonstrate early transcriptional kinetics; 20 these modifications effectively ablate the expression of the IE gene products, ICP4, ICP27, ICP22 and ICP47 21 in noncomplementing cells. The large transgene capacity results from replicationdefective HSV vectors produced in this manner. Furthermore, this transgene capacity can be increased substantially by removing the inverted repeat joint sequence separating the unique long (U L ) and unique short (U S ) components of the genome. 22 This deletion stabilizes the genome by preventing U L -and U S -related recombination events that lead to U L /U S inversions in orientations that naturally occur during vector propagation in complementing cell lines. Figure 1 shows the design of HSV vectors applied to gene therapy studies in animal models and humans and vectors with improved capacity and stability.
Therapeutic target identification in primary afferents
Potential peripheral nervous system targets for the treatment of chronic pain can be evaluated within the framework of the distinct events that are necessary for a nociceptor to convey information to the CNS about noxious stimuli impinging on peripheral tissues (summarized in Figure 2 ). First, 'energy' from the stimulus (mechanical, thermal or chemical) must be converted into an electrical signal. This process, referred to as signal transduction, results in a generator potential or depolarization of the peripheral terminal. Second, the generator potential must initiate an action potential or spike, the rapid 'all or nothing' change in membrane potential that constitutes the basic unit of electrical activity in the nervous system. This process is sometimes referred to as transformation. Third, the action potential must be successfully propagated from the peripheral terminal to the central terminal. And fourth, the propagated action potential invading the central terminal must drive a sufficient increase in intracellular calcium ions to enable release of enough transmitter to initiate the whole Gene therapy for chronic pain JR Goss et al process once again in the second-order neuron. Additional processes important for the modulation of sensory input to the spinal cord include: (1) integration of activity within the DRG (that is, impact of action potential invasion on transcription and translation, cross-excitation and ectopic action potential generation); (2) axonal transport and trophic signaling; (3) neuron-glial interaction and neuroimmune interaction and (4) second messenger cascades underlying the actions of pronociceptive signaling molecules; only the last of these processes are illustrated in Figure 2 . Distinct sets of proteins underlie each of these processes, and are, therefore potential targets of a wide variety of therapeutic interventions. 3 The question, of course, is which of the multitude of proteins underlying this array of process are likely to have the greatest efficacy and specificity in the treatment of chronic pain? We suggest that the proteins or processes that are both specific to PAN signaling and that also serve as 'points of convergence' for many distinct processes are the most likely to provide specificity and selectivity. With respect to selective patterns of expressions, despite the fact that there is considerable redundancy throughout the nervous system, as noted above, there are a number of proteins that are preferentially, if not exclusively, present in PANs and are critical to nociceptive signaling. These include the voltage-gated sodium channel NaV1.8 and the transient receptor potential vanilloid type 1 (TRPV1) receptor. 3 The importance of a 'point of convergence' is illustrated through consideration of the initial processes underlying nociceptive signaling within the context of the fact that the majority of PAN are referred to as polymodal nociceptors because they are responsive to thermal, mechanical and chemical stimuli. In such a neuron, selective blockade of the proteins underlying mechanotransduction will still leave a neuron hyperresponsive to thermal and chemical stimuli. In contrast, all three modalities converge on the machinery underlying spike initiation. Thus, the selective blockade of proteins responsible for spike initiation in nociceptive afferents would eliminate all forms of stimulus-evoked activities in these neurons. Figure 2 Summary of nociceptor pathways and targets for chronic pain intervention. Four events are essential for the transmission of noxious or painful stimuli from the periphery to the central nervous system along primary afferent neurons. These include (1) transduction, (2) spike initiation, (3) spike propagation and (4) transmitter release from the central terminals. Several of the specific proteins thought to underlie these processes and play particularly important roles in nociceptive afferents are indicated. Proteins underlying these four events may be modulated by distinct classes of inflammatory mediators acting through specific receptors on primary afferent neurons. These include the G-protein coupled receptors (GPCRs), receptor tyrosine kinases (TRKs) and cytokines which act through several receptor types. Inflammatory mediators initiate a variety of second messenger cascades, several of which ultimately converge on the epsilon isoform of protein kinase C (PKC), which are responsible for the modification of receptor and/or channel properties underlying changes in afferent excitability. In addition to the pronociceptive processes initiated by inflammatory mediators, there are also antinociceptive processes, commonly initiated at the central terminals of nociceptive afferents by inhibitory neurotransmitters (NTs), acting through an additional set of GPCR and ionotropic receptors. Inhibitory NTs can both block transmitter release from the primary afferent, secondary to the inhibition of Ca2+ influx via voltage-gated Ca2+ channels such as the N-type channel CaV2.2, as well as inhibit the modulatory effects of pronociceptive inflammatory mediators. Several of the proteins involved in these processes function at points of convergence of many different processes. Abbreviations: TRPV1, 2 and 4, transient receptor potential vanilloid type 1, 2 and 4; TRPA1, transient receptor potential ankeryin rich type 1; ASICs, acid sensing ion channels; P2X, ionotropic purinergic receptor type 2; MDEG, mouse homolog of degenerin family members isolated in C. elegans; TRPM8, transient receptor potential melastatin type 8. Spike Initiation: NaV1.7, 1.8, voltage-gated sodium channel alpha subunits 7 and 8; NaV1.6, voltage-gated sodium channel alpha subunit 6; GABA, g-aminobuteric acid; 5HT, 5-hydroxy triptophan or serotin; NE, norepinephrin; GABA A,B , A (ionotropic) and B (metabotropic) type GABA receptors; MOR, m opioid receptor; a2AR, a2 adrenergic receptor; Glu, glutamate; SP, substance P; CGRP, calcitonin gene-related peptide; BDNF, brain-derived neurotrophic factor; NGF, nerve growth factor; TNFa; tumor necrosis factor-a; IL1b, interleukin 1b; PLC, phospholypase C; PKA, cyclic AMP dependent protein kinase, PI3K, phosphatidylinositol 3-kinase; CCDKII, calcium and calmodulin dependent protein kinase II; MAPK, mitogen activated protein kinase; ERK, extracellular signal related kinase.
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HSV-based approaches
Initial strategies for the treatment of pain incorporating HSV were based on the notion that nociceptive signaling in the dorsal horn constituted a major point of convergence as nociceptive dorsal horn neurons receive input from an array of PANs. That the spinal administration of a number of analgesic compounds provides better pain relief with fewer side effects 23 served as clinical evidence in support of this initial approach. Consequently, our group and others have used HSVbased vectors to overexpress inhibitory neurotransmitters in primary afferents to attenuate nociceptive neurotransmission at the first synapse between the PAN and the second order neuron in the spinal cord. The first of these transmitters to be expressed was enkephalin, 24 which was subsequently demonstrated to reduce C-fiber-evoked activity in the dorsal horn, 25 the second phase of formalin evoked nociceptive activity, 26 thermal and mechanical hypersensitivity associated with chronic inflammation, 8 as well as mechanical allodynia associated with the spinal nerve ligation model of chronic neuropathic pain. 27 Others have since shown that primary erythermalgia (PE)-expressing HSV vectors produce analgesia in visceral pain models of cystitis and pancreatitis 28, 29 and extended studies to primates. 30 Subsequently the antinociceptive efficacy of HSVmediated expression of endomorphin-2, 31 glutamic acid decarboxylase (which results in an increase in GABA synthesis and release from primary afferent neurons), 32, 33 and antiinflammatory cytokines such as interleukin (IL)-4, IL-10 or IL-13 (used to block central neuroimmune activation), [34] [35] [36] [37] have each been shown to have efficacy in several different animal models of acute and chronic pain. Along the lines of these latter experiments, we were also able to demonstrate analgesic efficacy with HSVmediated expression of the soluble form of the tumor necrosis factor-a (TNF-a) receptor. 38 Strategies designed to alter the underlying biology and function specifically in PAN are only now being investigated and represent a vast area of exploration. Channel proteins are perhaps the most logical targets to modify with HSV gene therapy, because, as noted above, several of these are located at points of convergence where their function is essential for normal nociceptive processing. Proof of concept is again provided by clinical experience where a diverse array of compounds currently used to treat pain, such a tricyclic antidepressants, local anesthetics and antiepileptics are thought to have analgesic efficacy because of the ability to block ion channels. 39 As stressed earlier, HSV gene transfer has the distinct advantage over the available pharmacological approaches because it enables the manipulation of ion channels in afferents responsible for the pain, thereby avoiding side effects associated with blockade of channels that may be widely distributed throughout the body. Perhaps the first channel targeted in such a manner was the sodium channel subunit NaV1.7, a channel that has unique features enabling it to play a significant role in spike initiation. 11 That this channel plays a critical role in nociceptor activity is highlighted by the recent discovery of individuals possessing both gain-of-function and loss-of-function point mutations in this subunit. Strikingly, two distinct pain syndromes-PE and paroxysmal extreme pain disorder-reveal the specific impact of gain-of-function mutations. 40 Furthermore, in contrast to the impact of the gain-of-function mutations, loss-of-function mutations that result in nonfunctional channels, are associated with a complete insensitivity to pain. 41 Not surprisingly, knockdown of NaV1.7 via the HSV-mediated expression of an antisense oligodeoxynucleotide was shown to block inflammatory hyperalgesia. 42 Pilot data collected by our group have demonstrated that HSV vectors expressing zinc finger protein transcription repressors targeted against the NaV1.8 sodium channel can reduce transcription of this protein in vitro and reduce nociceptive behaviors in a rat model of neuropathic pain. 43 As the only sensation associated with TRPV1 activation is pain, this receptor has received considerable attention from pain researchers. Cloned in 1997, data from an array of studies suggest that TRPV1 may play a particularly important role in pain associated with tissue injury. 11 It is activated by exogenous compounds such as capsaicin and resiniferotoxin that produce both pain and hypersensitivity when applied at relatively low concentrations as well as endogenous compounds associated with tissue injury ranging from protons to lipids. 44 Recent evidence suggests that TRPV1 is present on the central terminals of nociceptive afferents where it also facilitates transmission of noxious mechanical stimuli. 45 Importantly, data from null-mutant mice and TRPV1-selective antagonists suggest this channel plays a particularly important role in inflammatory hypersensitivity serving as a common target for signaling cascades initiated from several diverse molecules including bradykinin, neurotrophic factors and cytokines such as TNFa. 11 Small molecule blockers of TRPV1 have subsequently been shown to have analgesic efficacy in array of chronic pain models. 46 Unfortunately, however, systemic administration of these compounds produces hyperthermia, which has been the cause for termination of early clinical trials 46 and again highlights an advantage of an HSV-based approach.
We have employed two distinct HSV-based strategies designed to disrupt TRPV1 signaling. The first of these involved a dominant-negative approach to target protein kinase C-e (PKCe), an isoenzyme in PANs that appears to serve as the penultimate target downstream from an array of pronociceptive mediators including bradykinin, endothelins and proteases. 47 Although there is evidence that activation of PKCe is involved in the regulation of other channels such as NaV1.8 thought to play a critical role on chronic pain states, 47 the link between this PKC isoform and TRPV1 has been most firmly established. PKCe phosphorylates TRPV1 at residues S502 and S800 [48] [49] [50] resulting in a receptor sensitization which is thought to play a critical role in thermal hypersensitivity observed in the presence of inflammation, 3 bladder cystitis 51 and diabetic neuropathy. 45 We employed an HSV vector expressing a dominant-negative form of PKCe (vector vHDNP) that is unable to phosphorylate TRPV1 but can compete for binding sites with native PKCe. 52 Infection of DRG neurons with vHDNP in vitro reduced capsaicin (CAPS)-evoked current amplitudes, enhanced TRPV1 desensitization rates and attenuated the ability of phorbol ester to sensitize TRPV1. Importantly, although targeted infection of DRG neurons innervating the rat hindpaw with vHDNP resulted in a small but significant increase in the paw withdrawal Gene therapy for chronic pain JR Goss et al latency to noxious thermal stimuli, CAPS-induced thermal hyperalgesia was virtually eliminated in these rats. 52 The second approach was more specific for TRPV1 and involved a dominant-negative inhibitor of TRPV1 referred to as poreless TRPV1. 53 In vitro studies using mixed infections with an HSV vector expressing wildtype TRPV1 (vector vTTHR) and an HSV vector expressing the poreless TRPV1 (vector vHP) demonstrated reduced responsiveness to CAPS with a subsequent reduction in calcium influx as measured by cobalt assay. 53 This suggested that the poreless TRPV1 subunit coassembled with wild-type receptor subunits creating a defective channel. This was further demonstrated in vivo where mice injected with vTH in their hindpaw demonstrated a significant decrease in thermal sensitivity (Figure 3 ). Experiments are ongoing to determine the efficacy of this construct in models of chronic inflammatory and neuropathic pain.
Novel approaches
Although previous HSV-based approaches to treat chronic pain highlight the therapeutic potential of the HSV-based platform, they highlight two potential limitations: (1) the majority of approaches rely on generating constitutive alterations in afferent function, precluding dynamic control of the antinociceptive machinery and (2) all approaches rely on the assumption that the 'right' afferents are infected, with little consideration of the fact that it might be desirable, if not necessary to infect specific populations of afferents to provide maximum pain relief. We suggest that it is possible to address both of these limitations through targeted manipulations of the HSV construct, which can then be used to deliver 'druggable targets' to the primary afferent. There are two general strategies that can be used to target specific subpopulations of primary afferents. One of these is to use PAN-specific promoters, such as that for NaV1.8 to drive transgene expression in NaV1.8-expressing neurons. The second is to use cell-specific surface receptors to which viral binding/entry can be directed in combination with the modification of viral glycoproteins to recognize novel receptors while eliminating the binding of these viral ligands to native receptors. Novel targeting ligands have either been inserted into the amino terminus of HSV glycoprotein C (gC) 54 or gD 55 to achieve targeting of HSV to cell-specific receptors.
A 'druggable target' could involve the delivery of a ligand-gated ion channel not normally present in sensory neurons. A similar approach is now being used throughout neurobiology with the expression of the ivermectin channel, an invertebrate-specific glutamategated chloride channel, which can be used to selectively inactivate specific neurons. Depending on the receptor selectivity of such a channel, it should be possible to selectively activate the channel, and therefore block activity in channel-expressed afferents, via the systemic administration of an otherwise inert compound.
HSV as a means of identification of novel therapeutics
Apart from using known modulators of channel function, HSV vectors offer a new approach to identify previously unknown gene products that have a role in ion channel function (activation, sensitization, desensitization) and perhaps channel assembly, trafficking and turnover. Our method to discover modulators of ion channel activity is based on the selective survival of cells that have been coinfected with two HSV vectors, one that expresses an ion channel of interest and another that expresses a modulatory gene product. Replicationdefective HSV vectors can express a functional calcium channel such as TRPV1 in vitro. 53 The channel can be expressed in cells that complement the defective viral functions in trans resulting in virus replication. However treatment of infected cells with a channel agonist, in this case capsaicin, activates the TRPV1 channel resulting in rapid calcium ion influx and cell death due to osmotic shock. As a consequence virus growth is greatly reduced. Channel antagonists (such as ruthenium red) prevent ion channel activation, allowing virus replication to proceed. The ability of the channel vectors to form plaques in the presence of an antagonist raised the possibility that virus replication could be used as a sensitive readout for negative regulators of channel function. Identification of novel modulatory genes can be achieved by coinfecting cells with an HSV vector expressing the channel of interest and a set of unknown HSV vectors containing transgenes representing a library of sensory nerveexpressed genes. As these vectors cannot replicate in noncomplementing cells such as neurons, the modulatory gene products can ultimately be directly studied for Gene therapy for chronic pain JR Goss et al their effects on endogenously expressed ion channels after vector-mediated gene delivery. As proof of principle for this approach we modeled the potential for selecting vectors expressing gene-encoded inhibitors of TRPV1 channel activity at the posttranslational level by mixed infections of a vector expressing TRPV1 (vector vTT) and vector vHP. Coinfection of vTT with vHP at ratios of either 100:1 or 1000:1 demonstrated that vHP was readily detected with a minimum of potential false positives. This vHP output could be enriched with a second round of capsaicin selection, allowing sequential selection and enrichment strategies to be used (Figure 4) . Experiments are in progress to test this method using additional model antagonist genes that inhibit ion channel function. The method described here suggests that vectors expressing highly diverse cDNA or siRNA libraries can be used in HSV-based selection, where up to one million library members can be screened in a single tissue culture plate for genes that inhibit agonist-induced channel activation. Alternatively, the library can be designed to consist of antisense mRNAs to identify new genes that are essential for ion channel activation.
Summary and conclusions
In summary, chronic pain continues to be a major health issue with few, if any, effective therapeutic interventions devoid of serious side effects. The primary afferent remains a viable target for the development of novel therapeutic interventions for two main reasons: (1) there is compelling evidence to suggest that changes in primary afferent structure and function are critical for both the initiation and maintenance of many chronic pain states and (2) blocking pain at the primary afferent should provide effective pain release in the absence of CNS side effects. Furthermore, it is becoming increasingly clear that specific subpopulations of afferents are responsible for specific 'types' of pain. Although HSVmediated disruption of nociceptive signaling has been successfully employed in a number of preclinical models of chronic pain, these previous strategies have several important limitations including the need for repeated inoculation, the absence of temporal control over the actions of the therapeutic molecules delivered, and the absence of control over which afferents are targeted. There are clear strategies to address these limitations in the next generation of HSV-based interventions. Figure 4 Selection method to discover genes that negatively modulate transient receptor potential vanilloid type 1 (TRPV1). (a) Schematic description of the genetic selection for a TRPV1 dominant-negative subunit. Specific herpes simplex virus type 1 (HSV-1) genetic elements within the viral genome were engineered to express either wild-type TRPV1 or a nonfunctional 'poreless' mutant of TRPV1, which is impermeable to Ca2+. HSV-1 with only wild-type TRPV1 was unable to propagate in the presence of agonists. Coinfection with a vector encoding the functionally inactive poreless TRPV1 (vHP) and a vector encoding wild-type TRPV1 rescued viral replication in the presence of TRPV1 agonist as a result of the formation of functionally inactive heteromeric channels. The poreless TRPV1 vector is found at a high titer in the selected culture. Gene therapy for chronic pain JR Goss et al Importantly, this vector may also provide the framework within which to identify the next generation of therapeutic targets.
